ABSTRACT: The proximity of Ca to the Mn cluster of the photosynthetic water-oxidation complex is demonstrated by X-ray absorption spectroscopy. We have collected EXAFS data at the Ca Kedge using active PS II membrane samples that contain approximately 2 Ca per 4 Mn. These samples are much less perturbed than previously investigated Sr-substituted samples, which were prepared subsequent to Ca depletion. The new Ca EXAFS clearly shows backscattering from Mn at 3.4 Å, a distance that agrees with that surmised from previously recorded Mn EXAFS. This result is also consistent with earlier related experiments at the Sr K-edge, using samples that contained functional Sr, that show Mn is ~ 3.5 Å distant from Sr. The totality of the evidence clearly advances the notion that the catalytic center of oxygen evolution is a Mn-Ca heteronuclear cluster.
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Figure 2 inset). The Fourier peak II is found to fit best to two Mn at 3.5 Å rather than to lighter atoms such as carbon. Further, the use of polarized Sr EXAFS has shown this peak to be dichroic (35) and found an average orientation for the two Sr-Mn vectors (36). While Sr substitution in PS II and XAS have yielded valuable insight into the Ca cofactor, it is nevertheless an indirect method, requiring treatments such as low-pH Ca depletion (20, 21) and Sr reconstitution (26, 31, 34, 35) .
XAS studies on biological Ca-containing samples have been reported (37, 38) , including applications to milk Ca phosphate (39), and the Ca-binding protein troponin (40). To date, though, calcium in PS II has not been directly studied with XAS because of several daunting experimental challenges. First, compared with Mn or Sr, the X-ray fluorescence yield of Ca is lower (41), making signal detection difficult. Second, the X-ray energies involved (3.6 -4.5 keV) are attenuated significantly by air and regular cryostat windows and other materials used in conventional hard X-ray EXAFS studies. Third, the low concentration of Ca in PS II (≤ 60 ppm by weight) means that, for biochemical sample preparation, adventitious Ca contamination is a major problem. Extreme care must be taken to remove such extraneous Ca from glassware, solutions and PS II samples, because non-specific Ca would contribute to the EXAFS signal, diluting the desired signal from the OEC. Finally, biochemical studies have shown that higher plants have two types of Ca bound to PS II membrane fragments (20, (42) (43) (44) . One of these Ca seems to be bound tightly to the light-harvesting complex II (LHC II) (45, 46) while the other, more loosely bound Ca is important for oxygen evolution (22) . Any Ca EXAFS experiment will measure the averaged signal from these two types.
Despite these obstacles, the ultimate goal remains to probe the Ca cofactor directly. In the first use in photosynthetic systems, we employed Ca K-edge EXAFS on spinach PS II samples containing ~ 2 Ca per reaction center to detect any neighboring Mn within 4 Å. This technique was analogous to the Sr EXAFS studies done earlier (32) in being element-specific, but directly focused on the cofactor binding site in native PS II, requiring no potentially harsh treatments, such as Ca depletion or Sr substitution. The new Ca EXAFS application to PS II clearly shows that Mn is present at 3.4 Å, and definitively indicates the proximity of the calcium cofactor to the Mn cluster of oxygen-evolving photosystem II.
EXPERIMENTAL PROCEDURES
Sample preparation. PS II membrane fragments were prepared as BBY particles from spinach (47, 48). The oxygen-evolving activities ranged from 300 -400 µmol O 2 /mg chlorophyll (Chl)/h, measured as described earlier (32). The native PS II samples were stored and frozen in sucrose buffer containing 0.4 M sucrose, 50 mM 2-(N-morpholino)-ethanesulfonic acid (MES), 30 mM NaCl and 5 mM MgCl 2 at pH 6.5 and -20°C. Glassware, utensils and plasticware were acid-washed with dilute HCl (10%) and rinsed with deionized water, while Ca-free buffers were treated with Chelex-100 chelator resin (Bio-Rad). To remove Ca contamination from the PS II membranes and bring the level down to two Ca per PS II, they were stirred slowly with Chelex-100 resin (1 g resin per 1 mg Chl) in a sucrose-free buffer containing 25 mM MES, 30 mM NaCl and 3 mM MgCl 2 at pH 6.5 (32, 44, 45) . The final concentration of PS II in the mixture was 0.25 mg Chl/ml. After 1 h of gentle stirring, the PS II was separated from the resin by filtration then centrifugation. The membranes were resuspended in sucrose buffer before a final centrifugation step (15 min, 40,000 g). Samples were taken for O 2 assay, metals quantitation and EPR characterization. The resulting Chelex-treated pellet was painted onto flat Ca-free plexiglass slabs (16 × 5 × 1.5 mm) and dried in the dark under a stream of dinitrogen at 4°C (49, 50) . Six cycles of painting and drying took 12 h to achieve sufficient concentration of Ca per unit volume to be detectable by X-ray fluorescence. After the last layer had dried, the samples were left in the dark for 1 h to poise them in the S 1 state, then frozen in liquid N 2 for storage. All these procedures were done at 4°C in dim green light.
A control sample was prepared by adding 40 µl of 100 mM NH 2 OH (Ca-free) to the layered, Chelex-treated PS II, inactivating it by disrupting the Mn in the OEC (51, 52) . The control sample was allowed to soak and dry without loss of PS II material before being frozen in liquid N 2 .
Characterization of the Chelex-treated samples by metals quantitation (Mn, Ca) by inductivelycoupled plasma with atomic emission spectroscopy (ICP-AES), EPR spectroscopy and oxygenevolving activity assays were done as described previously (32), before any of our XAS studies. photon path were tested for the presence of Ca with X-ray fluorescence methods, and were found to be Ca-free. This is an important precaution because Ca is ubiquitous, and most commonly used window materials contain enough contaminating Ca to complicate the experiment with PS II samples. Mylar windows should be avoided because of contaminating antimony (Sb) L-absorption edges near the Ca K-edge. The temperature in the He-filled (1 atm) cryostat was maintained at 100 ± 3 K for data collection to minimize radiation damage and prevent buildup of frozen Ar that can block X-rays from reaching the detector.
Ca EXAFS Data Collection and
Ca EXAFS data were recorded as fluorescence excitation spectra as the incident X-ray energy was scanned from 4.0 to 4.5 keV using a Si[111] double-crystal monochromator. For energy calibration, Ca(OAc) 2 was used as a standard, whose edge peak was assigned to 4.05 keV (40). were needed from three inactive samples. After data reduction, the k-space (k 3 -weighted) Ca EXAFS spectra are shown in Fig. 1 . At this stage, subtle but real differences are apparent, notably around k = 3.7 -4.1, at 9.7 Å -1 and slightly mismatched phases at k = 6.0 -8.0 Å -1 . Only small differences are visible because only one Ca is being affected by the NH 2 OH treatment. These differences become more pronounced when contribution from the extraneous Ca, not involved in oxygen evolution, is subtracted (data not shown).
The Fourier transforms (FT) of the Ca EXAFS are presented in Fig. 2 and make the differences more prominent. The pattern of the FTs is remarkably similar to that in the parallel, earlier Sr EXAFS study (Fig. 2 inset) (32, 35) . The first, dominant Fourier peak is due to coordinating oxygen closest to calcium (5 -6 O at 2.4 Å) (37, 58). In contrast to the inactive (NH 2 OH-treated) PS II, the intact 2 Ca/PS II sample showed a second Fourier peak near 'R' ~
Å, well above the noise level ('R' ~ 4 -10 Å). Fourier peak II was present only in intact
Chelex-treated PS II (Fig. 2) and so was the focus of Fourier isolation and curve fitting to determine the identity of the neighbors at this distance. Table 1 , we fixed the N to best integer values and also tried half-integer steps of Mn from 0.5 to 2.0. As Table 1 shows, the best single-shell fit to peak II was with Mn at 3.4 Å. In Fig. 2 , the Fourier transforms of the Ca EXAFS from intact and inactive 2 Ca/PS II are presented. While there is a slight difference in peak I, the roughly comparable peak heights suggest the Ca binding sites for the two types of samples share similar first coordination shells. Generally, protein calcium coordination has been found to consist of six oxygen ligands, in agreement with our peak I fitting of 5 -6 O at 2.4 Å (37, 58). However, the most striking contrast between the two types of samples is peak II: visible in the intact sample but absent in inactive PS II. The EXAFS fitting gives N = 1 Mn at 3.4 Å for peak II (Table 1) . However, only half of the Ca in PS II is located in the OEC, which houses the Mn cluster (1). The other half, embedded in the LHC II, is thought to have no metals around it (45, 59). Therefore, after correcting for the stoichiometry of Ca in PS II, we obtain the coordination number N = 2 for Mn at 3.4 Å. When hydroxylamine is added to the Chelex-treated PS II, the Mn cluster is disrupted from its binding site (52) , rendering the two Ca-Mn vectors undetectable (longer than 3.4 Å) and explaining the absence of peak II in Researchers have speculated that Ca controls substrate water binding to the catalytic Mn site (18, 19, 62) , and recent mechanisms have suggested the crucial involvement of the cofactor (10) (11) (12) . Finding the actual role of Ca as the complex goes through the Kok cycle of S-states and the orientation of the Ca-Mn vector, will contribute toward developing a working mechanism of water oxidation. The results from preceding studies using Mn EXAFS (31), Sr EXAFS (32) and now Ca EXAFS as presented here are mutually consistent and converge toward the conclusion that the calcium cofactor is intimately structurally linked with the Mn cluster in PS II. Taken together, the three methods offer compelling evidence that the catalytic center of photosynthetic oxygen evolution is a heteronuclear Mn-Ca cluster.
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